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ABSTRACT
Insulator based dielectrophoresis (iDEP) is a technique used for sorting
microparticles based on their electrical properties which proves to be
promising in its development. Using multiple constrictions of area to
generate gradients of electric fields allows a device to be made without
electrode arrays and at a cheaper cost. The possibility of making devices with
multiple constrictions within them is undertaken using micromachining and
adhesion methods. The micromachining of multiple constrictions is planned
out but further work is needed for optimization. A concept for a commercial
device is proposed for low cost fabrication of 3D iDEP devices.
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Insulator based Dielectrophoresis (iDEP) is a technique for sorting
microparticles based on their electrical properties which promises to solve
many of the problems which arise in more complex sorting systems requiring
pumping and microelectrodes [1].
Dielectrophoresis (DEP) is defined as the force due to a non-uniform
electric field acting on an induced dipole of a particle suspended in a medium
[2]. Recently, insulator based DEP devices have been developed as an
alternative to electrode based DEP devices. Insulators in these devices are
typically structures which create large field gradients in a uniform electric
field along a channel which carries a fluid with suspended particles.
The devices that are of concern in this thesis are microfluidic channels
which trap particles suspended in a medium through a varying electric field
due to a constriction in the fluid. The trapping occurs due to a balance of DEP
force and Stokes drag on the bacteria or particle [1] The physics of which will
be discussed later in this thesis.
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The devices described and made for the purposes of this thesis are
particularly made for multiple trappings of different sized bacteria or
particles in one channel. This would be of particular interest for commercial
use of the 3D iDEP devices. The devices are prototyped by micro-machining
acrylic, but other ways of manufacture are explored in the context of this
thesis.
1.2 Dielectrophoresis
DEP is a promising technique used mainly for probing electrical
properties of microparticles [2]. It was first observed by Pohl in 1951 [7], it is
a phenomenon where a force can be applied to a particle based on the
relative polarizabilty of it to the medium surrounding it. This means that a
particle in a moving medium faced with a changing electric field can be
decelerated or change direction. This is a powerful tool for small microfluidic
devices in particular since it removes the need for high voltages, pumps and
other mechanical elements which are conventionally used in fluid flow
systems for control. Since the channels being made are for bacteria and
operate on a micro scale, the DEP force can be a well utilized component of
the design of a microfluidic system.
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This use for microparticles was established in the nineteen eighties.
When DEP was observed for the first time, forces generated were small and
did not seem significant for use, it is only with the advent of micro and
nanotechnology that the use of DEP has received attention [8].
A spherical homogenous particle with radius a, permittivity En, with
Clausius-Mosotti factor KCM, under a DC voltage generating an electric field Eo
has the following expression for the force on the particle
F = 2ncla3KCMVEO2  (1.1)
Where KCM is the Clausius-Mossotti factor, which characterizes the
relationship between the dielectric constants of two different media, and can
be written in terms of the media's E2 and free spaces' El complex
permittivities in this case:
KCM = 2 *(1.2)
62 *+2E1 *
1.3 Application to Microbial Fuel Cells
Microbial fuel cells give a solution for constant, continuous power
supply which do not need infrastructure or significant capital investment for
their introduction into a power system [6].
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Microbial fuel cells work on the same principle as a traditional fuel
cell, producing energy from a fuel and oxidant reacting at an anode and
cathode and producing a potential difference between them. However a
microbial fuel cell does not use electrocatalysts for driving the reaction, it
relies on living organisms' ability to oxidize and decompose a natural
substrate and transfer electrons to the anode. This method has been
optimized in the recent past for power density and small and large scale
applications [4].
Improvements in systems design have been and continue to be the
cause of the major improvements in microbial fuel cell outputs. However, for
the existing strains of bacteria and technologies utilized, the limits are being
reached. The main overlap of the microfluidic devices investigated in this
thesis lies in the study of the dielectric properties of the bacteria for use in
fuels cells. The devices manufactured for this thesis also serve as an
experiment to see if multiple constriction ratios can be utilized to
characterize different dielectric properties of different particles. This could
possibly lead to different uses of the bacteria and a better process for
multiple sorting of particles by the same device.
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2 Modeling 3D iDEP Devices
Here follows a discussion on the most important parameters in designing the
system of microfluidic channels. The Reynolds number of the fluid and the entry
length of creeping flow is used to determine the channel length, and the constriction
ratios of the channels are used to determine the geometry of the channels.
2.1 Velocities in the Channel and overall Parameters
The three forces acting upon the particles suspended in the medium are
electrophoresis, dielectrophoresis and electroosmosis. The respective
corresponding expressions for the velocities VEP, VDEP, and VEo are defined in terms of
the respective mobilities, px and the Electric field E, which is a function of the total
applied voltage Vo divided by the length of the channel Lot, the viscosity rq, the
Clausius-Mossotti factor Kcm, the radius r and the permittivity of the medium e:
VEP = -- PEP E (2.1)
VDEP = -DEPVE (2.2)
VEO = -pEOE (2.3)
The overall parameters used in calculating the relevant behavior of the
microfluidic channels are outlined in table 2-1. The dielectrophoretic mobility PDEP




TABLE 2-1: Parameters pertaining to the numerical Model of 3D iDEP
Microfluidic Channels
Parameter Value Units Meaning
Er 80.1 Ratio Relative permittivity
E0 8.8521x10- 12  F/m Free space permittivity
p 103 Kg/m 3  Density
1 10-3 Pa s Viscosity
am 100 pS/cm Media conductivity
ap 0 [tS/cm Particle conductivity
K -0.5 Ratio Clausius Mossotti
r 5 pm Particle radius
pEO 1.1 x 10-8 m2 /(Vs) EO mobility
pEP 7.1 x 10-9 M 2/(Vs) EP Mobility
pDEP 5.9 x 10-13 m 4V2 /s DEP Mobility
Cp 4200 J/(kgK) Heat Capacity
k 0.58 W/(mK) Thermal Conductivity
L 2.813 mm Channel Length
Ltot 10 mm Total Length
Vo 10 or 50' Volts Applied DC Voltage
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(2.4)
2.2 Stokes' Flow and Drag on Particles, Trapping Factor
Using the design in the previous section, and the relevant parameters of the
setup we find that the Reynold's number, given by the electroosmotic mobility IEO=
1.1x10A- m 2/Vs, with an applied voltage P of 10 -100V. To find the appropriate
channel length, the Reynolds number is found using the electroosmotic mobility pEo
and the overall electric field (Vo/Leot) for a velocity, as well as the viscosity, density
and hydraulic diameter of the channel.
Re = AEOOD (2.5)V Ltot
= 0.002 - 0.0021
Which satisfies the criterion for stokes flow, where Re << 1. The force a spherical
particle feels in this case with a thin double layer surrounded by a fluid of dynamic
viscosity Tj is a linear function of the drift velocity and is expressed by:
F = 6ulTrv (2.6)
The three forces acting on the particles in this system, electroosmosis,
electrophoresis and dielectrophoresis govern the velocity at different points in the
channel. The trapping occurs when the trapping factor defined as a is greater than 1
[1].
a = ~ADEP VOX (2.7)
UEO +-Ep Lw
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The entry length is calculated by approximation of laminar flow for the
channels. It is thus given by [3]:
(1+0.05Re + 0.056 * Re) D (2.8)
Which is calculated as approximately 0.281 mm in length and thus the channels
were designed for such parameters.
2.3 Governing Equations and Boundary Conditions
The differential equations that govern the system are concerned with fluid flow,
heat transfer and current conservation to characterize the behavior of the system
0 = -Vp + r7V 2 u (2.9)
pCpu -VT = kV2T + (2.10)
0 = V-J (2.11)
The inlet source T, can be treated as large, the system response time is about 300
seconds, and since the experiment runs for more time than that, it should be
sufficient to reach a steady state response with the applied voltage. Axial conduction
at the outlet is neglected, and the temperature at the constriction is known to be
continuous, which gives the general form of the solution as [5]:
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k six s2x
-v 2(T1-Ta) = AleT + A 2eT (2.12)V0
k sIx s2X
,(T1-Ta) = BieT + B2eT (2.13)0V0
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3 Design
3.1 Entrance Length Considerations
The entrance length for fully developed flow was a key parameter to
consider in the design of multiple constriction channels, and allow entrance to the
next channel with the same velocity profile at the onset of the previous constriction.
This was found in section 2, and the length was picked as the minimum length
between constrictions.
3.2 Design of 3D iDEP Microfluidic Channels
The design is meant to have three constriction ratios per microfluidic
channel. Three reductions of ratios were picked: one which reduces each
constriction ratio by half at each stage, one which reduced the constriction ratio by
twenty at each stage, and one which reduced the constriction ration by an order of
magnitude along the microfluidic channel.
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Constriction Ratios and Constriction Dimensions
3.3 Parameters
There are certain parameters in the design to be adhered to, the material for
one, was PMMA (Acrylic) for its optical properties as a clear material, and it's
machinability on a mill without much deformation. Since an established code was
used for a 2.5 by 5.5 cm acrylic piece, then the channels were designed for those
dimensions.
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Depth (mm) Width (mm) x
Channel1 Constriction 1 0.05 0.05 100
Constriction 2 0.05 0.10 50
Constriction 3 0.05 0.20 25
Channel 2 Constriction 1 0.05 0.05 100
Constriction 2 0.05 0.0625 80
Constriction 3 0.05 0.0833 60
Channel 3 Constriction 1 0.05 0.05 100
Constriction 2 0.1 0.0625 40
Constriction 3 0.2 0.125 10
TABLE 3-1:
The channel reservoirs would have to by 7 mm apart due to the reservoir
diameter being a constraining factor to be glued in. This restricts the amount of
channels to be machined on the acrylic plate to 7. This is also a good number of
channels to ensure that some will work as the milling tools at this scale are very
delicate.
The tools used were the 50 pm, 380 gm and 1.59 mm end mills. Machining
time for this operation should be approximately 30 minutes for channels 1 and 2
and 40 minutes for channel 3.
3.4 Schematics
The following engineering drawings are meant to give a sense of the
manipulation of dimensions of the various constrictions in the three iDEP channels.
These views are similar to the views that would be observed while looking top down
from a microscope. The schematics are included to show the dimensions and the
varying constriction areas in an engineering context. The manufacturing process
would have to take into account the dimensions of the tooling and material which












Figure 3-1 Channel 1 with Details on the Dimensions of all Constrictions
All units in millimeters
Note that the constrictions get smaller along the channel, so that the most trapping
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Figure 3-2 Channel 2 with Details on the Dimensions of all Constrictions
All units in millimeters
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Figure 3-3 Channel 3 with Details on the Dimensions of all Constrictions
All units In millimeters
3.5 3D Model
The iDEP chips are machined to the specs of this Solidworks CAD model, which was
used in the generating of G-Code for the micro mill for machining. All the channels
have similar geometry to the one shown in Figure 3-4, where the channels are
separated by 0.05 mm walls which are machined to form a smaller channel
connecting each of the larger channels.
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Figure 3-4 3D iDEP Isometric of Channel Geometry
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4 Manufacture
The following outlines procedures for manufacture of the 3D iDEP devices
using the mill and the oven for curing the adhesives. Cleaning implements and
clamps are needed for certain steps to keep the stock clean and constrained as it is
prepared to be assembled.
In general the materials needed are PMMA, acetone, methanol, deionized
water, tweezers, PMMA Glue, 1.59 mm, 380 micron and 50 micron end mills and
solution for running the experiment.
4.1 Procedure
The solution for the experiment was prepared using deionized water,
potassium hydroxide and potassium chloride to get the correct conductivity and a
neutral pH to run the experiment. The solution was prepared by adding 1 M
concentrations of potassium chloride to deionized water to get the correct
conductivity of the solution and then adding the 0.1 M concentration potassium
hydroxide base to return the pH of the solution to 7.
The acrylic stock is clamped down onto the mill and faced first to establish a
starting point for the geometry. Then the g-code should be carried out by the milling
program. The steps followed were: mill out the large channels with the 1.5 mm end
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mill, mill out the reservoirs at a federate of 365 mm/min. Mill out the contours for
the constrictions using the 50 micron end mill after a pocket for the needed areas
for the constrictions has been machined using the 380 micron end mill. Pocketing
the areas with the 380 end mill is essential as the 50 micron end mill can break
under such cutting forces. Use a 50 mm/min federate. This process should take
slightly longer for Channel 3 as its varying depths mean that the tools need to take
more passes to complete the milling job without fracturing.
IT-?*~-r'1 fl "NEW-U.Pil iJ * S
*i -ds *i. 1;-- .- r s *
4 2W1*M Z0 -4
Figure 4-1 MasterCAM Tool Path Image
After the stock has been machined, the part should then be cleaned with
methanol, ethanol and deionized water to clear out the channels and checked under
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a microscope. It is important to take note of checking all the channels for burs and
chips which may still be blocking the constrictions. After that has been undertaken,
adhesion of the acrylic to another part and curing the assembly is all that is left in
the making of the chip. Epoxy and reservoirs may be glued on later for experiments.
A mixture of different sized beads all in florescent dye is injected into the
reservoirs and observed under a microscope for validation of the model and the
investigation of the trapping factors.
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Figure 4-2 Details of the Pocket Milling and Contouring Toolpaths for the MasterCAM Program
4.2 Possible Concept for Commercial Device
The following figures detail a concept for commercializing the device . This
would include the assembled chip inserted with conducting elements stopped at the
middle of the constriction to be able to take a reading. There may be further analysis
required to figure out a how the conducting element will affect the flow of such a
system and the optimal geometries and lengths of such chips with multiple
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constrictions have yet to be optimized. It is projected that the conducting element
would be best manufactured by stamping out a conducting metal sheet using a
preset stamp. The parts connecting the sensors to the screen could be wires or rigid
insulators to help align and give structure to the stamped conducting elements.
Some sort of aligning mechanism or test should be undertaken to make sure that the
conducting couple is connected to the flow within the constriction, so flexibility
within the stamped conducting element is key in making sure that there is
compliance for alignment.
Figure 4-3 Overview of the Design concept
Figures 4-4 and 4-5 respectively show a detailing of the proposed design
concept. The idea behind this is to have a sensor built into the coupling mechanism
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connected to the screen, and then a monitor would show a reading of a certain
variable (Field, Voltage, Flow) to determine a characteristic pertaining to the
bacteria or particles in the channel at that point. The dimensions of the assembly are
based off the already manufactured chips and a monitor for a pH sensor. The can be
modified, as the chip to suit optimal conditions for running such a device. This still
remains a concept proposal within the context of the thesis.
Figure 4 -4 Detailing of Conducting Element and Coupling Sensor System
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Figure 4 -5 Assembly Schematic with Dimensions in mm
4.3 Manufacturing Results
Due to problems with the Microlution micromill and feed rates in the g-code
the channels made were unable to be completed due to the tool breaking and the
mill going into error. The channels were not assembled by adhesion due to this
manufacturing error. Further investigations into the g-code and its interaction with
the mill are necessary in order to understand why the contours and channels did not
machine properly. It is possible that a feed rate in the code was set at a non-physical
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value for the boundaries of the micromill, whereas not forming an error due to the
default machine type on MasterCAM.
Figure 4-6 Channel dimensions Showing error attempts of the 50 um tool to create contours
32




The plan for the machining of the channel took up the largest effort in this
thesis was the planning out of the toolpaths and the modeling for an optimal
channel length which would accommodate multiple constrictions for the 3D iDEP
chip. The entry length approximation was found as about 3 mm of channel to ensure
a fully developed flow and thus three constrictions were designed into the 3D iDEP
channel.
While a plan for manufacture for multiple constrictions was explored in this
work for a channel which would hold three different samples of particle sizes under
three different fluorescent dyes, access to machines and downtime played a
significant role in delaying the manufacture of the chips and in the loss of
troubleshooting the code for the specific CNC machining job. It is hypothesized that
the feed rate coupled with the contour shape of the toolpath which machined the
constriction. An incorrect plunge rate could have cause the tool to break or
insufficient cutting time to fully mill out the constrictions.
Further work should be spent optimizing the manufacturing of the chips
before moving onto the concept of a commercial device an sensor. The design
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N9O6GOZ1.
N907X20.95Y2.25
N9O8GlZ-.05
N909G3X21.Y2.3R05
N910X20.95Y2.35R.O5
N911GOZ1.
N912X21.05
N913GlZ-.05
N914G3X21.Y2.3R.OS
N915X21.05Y2.25R.05
N916GOZ1.
N917X21.075Y-.2
N918GlZ-.05
N919G3X21.025Y-.25R.05
N920X21.075Y-.3R05
N921GOZ1.
N922Y-.16
N923GlZ-.O5
N924G3X20.985Y-.25R.09
N925X21.075Y-.34R,09
N926G0Z1.
N927X21.125Y-2.675
N928GlZ-.05
N929G3X21.075Y-2.725R.05
N930X21.125Y-2.775R.05
N931GOZ1.
N932Y-2.625
N933GlZ-.05
N934G3X21.025Y-2.725R1
N935X21.125Y-2.825R.1
N936G0Z1.
N937Y-2.575
N938GlZ-.05
N939G3X20.975Y-2.725R.15
N940X21.125Y-2.875R.15
N941GOZ1.
N942M26
N943M30
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